Design and synthesis of efficient drug delivery systems are of vital importance for medicine and healthcare. Materials innovation and nanotechnology have synergistically fueled the advancement of drug delivery. Innovation in material chemistry allows the generation of biodegradable, biocompatible, environment-responsive, and targeted delivery systems. Nanotechnology enables control over size, shape and multi-functionality of particulate drug delivery systems. In this review, we focus on the materials innovation and processing of drug delivery systems and how these advances have shaped the past and may influence the future of drug delivery.
Introduction
Drug delivery is a field of vital importance to medicine and healthcare. Controlled drug delivery improves bioavailability by preventing premature degradation and enhancing uptake, maintains drug concentration within the therapeutic window by controlling the drug release rate, and reduces side effects by targeting to disease site and target cells. Since the first FDA approval of drug delivery system (DDS), Liposomal amphotericin B, in 1990, more than 10 DDS are now commercially available to treat diverse diseases ranging from cancer to fungal infection and to muscular degeneration ( Figure 1 , Table 1 ) [1] . In improving therapeutic efficacy, DDS has benefited tens of millions of patients by relieving suffering and prolonging life. They have also changed the economics of drug development. Packaging an existing drug into controlled release formulations may not only improve its performance but also extend its patent life as a new product. The average cost and time required to develop a new DDS (approximately $20-50 million and 3-4 years) is significantly lower than that for a new drug (approximately $500 million and over 10 years) [2] . Not surprisingly the US market for advanced DDS has grown from $75 million in 2001 to $121 billion in 2010 [3] ; the annual worldwide market for polymer-based controlled release system alone is estimated to be $60 billion in 2010 [4] .
Exciting advances in genomics and systems biology have continued to identify new molecular targets. Future therapeutics will be increasingly nucleic acid (plasmid DNA, siRNA, mRNA, and aptamer) and peptidic (small peptide and protein) in nature. They have to act intracellularly, although the polar nature of nucleic acids and proteins hinders their cellular entry. They are also typically more fragile than small molecules. Drug delivery will hence play an increasingly important role in realizing the full potential of the next generation of therapeutics.
Innovations in materials chemistry have initially fueled the development of DDS, creating carriers that are biodegradable, biocompatible, targeting, and stimulus-responsive. Nanotechnology has joined forces in the past decade. The realization that size and shape of nanoparticles (NPs) can help navigate biological carriers has stimulated the application of nanofabrication technologies, both top-down and bottom-up, to develop more effective particulate DDS. For instance, the size of NPs determines their biodistribution. Whereas particles smaller than 20nm will be cleared from circulation via reticuloendothelial system (RES) within a few hours when injected intravenously, larger ones will be trapped in the liver and the spleen within minutes [5, 6] . In a study of accumulation of long-circulating polymeric micelles at tumor site, Kataoka and colleagues show only those smaller than 30 nm could effectively penetrate poorly permeable pancreatic tumors [7] . Fabricating techniques such as nanoprecipitation, emulsion-based phase inversion, microfluidics-based self-assembly, layer-by-layer synthesis, and nanoimprinting have been used to generate particulate DDS to deliver a wide range of drugs. To fully realize the potential of a particulate DDS with controlled size and shape, nanofabrication and nanomanufacturing will play a more prominent role in the future. In this article, we will first briefly review DDS development from a materials perspective. This will be followed by a more detailed discussion on recent innovative fabrication techniques for DDS. It is our belief that when innovations in fabrication can catch up with those in materials design the development of DDS will enter a new era of improving healthcare.
Advances in materials design

Early FDA approved drug carriers
Design and synthesis of various biocompatible materials has driven the progress of DDS in the past few decades. Liposome has been the most successful candidate in clinical applications. Most of the FDA approved DDS are liposome or lipid-based ( Figure 1 , table 1) [1] . Moreover, polymer-drug conjugates, especially those conjugated with polyethylene glycol (PEG) to reduce protein adsorption and aggregation, is now a standard method to increase circulation and bioavailability of biomacromolecules such as antibodies. FDA approval of paclitaxel and albumin conjugates in replacement of the traditional Cremophor™ represents the first successful clinical example of using biomacromolecules to facilitate drug delivery (Table 1) . In a randomized, open-labeled trial of 460 patients, the new formulation performed better than Taxol alone and showed significantly reduced side effect even at a 50% higher dose [8] .
and poly(aspartic acid) modified by 4-phenyl-1-butanol to enhance the hydrophobicity. This system is under phase II clinical investigation to deliver paclitaxel (NK105) and doxorubicin (NK911). The other one, which is a poly(propylene oxide)-poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO-PEO) (Pluronic) triblock copolymer developed by Kabanov et al. to deliver doxorubicin, is under phase III clinical evaluation in Canada. Other than amphiphilic block copolymers, PEG-polycation block copolymers are also of great interest due to their ability to condense nucleic acids into nanosized polyplex with protective and biocompatible PEG shell. Block copolymers of PEG-PEI, PEG-polylysine have been investigated by Kataoka et. al. in the 1990s [37] .
A major drawback of polymeric micelles is their relative instability in blood upon systematic administration, which leads to rapid dissociation and burst release. To tackle this problem, various innovative approaches have been used to engineering the micelle core with different chemistry: a) Increase the hydrophobicity of the core by attaching pendant groups to the backbone, such as fatty acid, benzyl groups, cholesterol [38] [39] [40] ; b) Introduce hydrogenbond interaction in the core. For example, Hedrick and Yang et al. have created an amphiphilic PEO-PCL based polymer containing urea functional group in the side chain that shows improved kinetic stability of micelles in the presence of a destabilizing agent [41] ; c) Promote electrostatic interactions by introducing oppositely charged groups in the micelle core, such as PEO with either poly (L-lysine) or poly(aspartic acid) [37] ; d) Crosslink the micelle core by thermal or photo-induced polymerization. For instance, Kataoka et al.
synthesized PEO-PLA block copolymers having polymerizable methacryloyl pendant groups at the PLA block [42, 43] . Upon micelle formation, the methacryloyal groups are crosslinked thermally or photochemically. The final micelle structure is stable at high temperature and in organic solvent. By incorporating reversible crosslinkers such as disulfide bonds, polymeric micelles can be made stable in the blood stream but dissemble in reductive environment inside the cell [44] . Furthermore, with a chemical structure that affords better miscibility with the encapsulated cargo, higher loading level can be achieved [45, 46] .
The shell of polymeric micelles could also be modified according to the application. For example, the micellar shell can be crosslinked to alter the permeability of the micelle and control drug release rate. A poly(acrylic acid) shell could be crosslinked with diamino compounds to form amide bonds in a condensation reaction. The hydrophilic shell could also be functionalized with various ligands (antibodies, small organic molecules, carbohydrates, peptides or polymers) to promote specific binding to cancer cells. The creation of polymeric micelles with cationic surface allows co-delivery of nucleic acids and small organic drugs. Yang et al. has synthesized a cationic amphiphilic block copolymer, which comprises poly(N-methyldietheneamine sebacate) (PMDS) as the cationic block for siRNA and plasmid binding, and a cholesterol pendant group to increase the hydrophobicity of the core for efficient drug loading [47] . The cationic core-shell micelle structures could efficiently deliver both cargos in vivo and exhibit synergistic effects to suppress tumor growth upon intra-tumor injection in a breast cancer model. A triblock copolymer, poly (ethylene glycol) -β-poly (ε-caprolactone)-β-poly(2-aminoethyl ethylene phosphate) (mPEG-β-PCL-β-PPEEA) is made by Wang et. al. to co-deliver Plk1 siRNA and paclitaxel [48] . Synergistic tumor suppression is observed in a dose-dependent manner following systematic administration. More such co-delivery systems have been investigated by various groups [49] [50] [51] [52] [53] . Though in vivo stability and the risk of exposing nucleic acids on micellelar surface to enzymatic degradations needs to be further addressed, these systems provide promising alternatives to liposomes for the co-delivery of hydrophilic macromolecule and small lipophilic drugs.
Polymer drug conjugates
In addition to encapsulation and non-covalent complexation, conjugation to a polymeric carrier via a liable linker presents another attractive approach to alter and optimize the pharmacokinetics of therapeutic agents. Many early polymer-drug conjugates have exclusively focused on the delivery of commercialized anti-cancer drugs, such as paclitaxel, doxorubicin and camptothecin [54] . Since the size of polymer-drug conjugates could be controlled by adjusting the molecular weight of the polymer, it could be optimized to maximize the benefits of enhanced permeability effect (EPR) at leaky tumor vasculature.
Moreover, conjugating drugs to a polymeric carrier can enhance solubility of hydrophobic drugs, extend drug circulation in vivo and enhance uptake by addition of targeting motifs to the polymer. With 16 such systems (excluding PEG conjugates) entering clinical trials [55] , the last decade has witnessed the rapid development and clinical validation of polymer-drug conjugates. Most of these clinical studies have adopted N-(2-hydroxypropyl) methacrylamide (HPMA) or poly (L-glutamic acid) (PGA) as the carrier. Originally developed by Kopecek and colleagues [56, 57] , the HPMA-doxorubicin conjugate comprises doxorubicin linked to a 30 kD backbone via an enzyme degradable peptide in the sidechain, with about 8 wt % drug content [57] . After structural validation and promising preclinical results, HPMA-doxorubicin entered into a Phase I clinical trial in 1990 and that marked the first milestone of development of polymer-drug conjugates. In contrast to HPMA, PGA contains a biodegradable backbone and allows for higher drug content (37% for PGA-paclitaxel conjugate) [58, 59] . Conjugates of PGA with paclitaxel and camptothecin are also under clinical evaluation [60, 61] . Regulatory approval of these systems is however slow. Many polymer-drug conjugates show unexpected release behavior and side effects in clinical testing except PGA-paclitaxel conjugates (Xyotax). Early interpretation of phase III clinical trial of Xyotax concluded with no therapeutic activity [62, 63] . However, subsequent analysis did show that Xyotax could improve survival rate in women although not in men [54, 64] . An estrogen-dependent cathepsin B activity, the enzyme responsible for degrading PGA backbone, is the key player for these genderdependent responses. The finding indicates the importance of using suitable biomarkers, which may be different from those for the naked drug, in the development of DDS.
In parallel with clinical validation of the first-generation polymer-drug conjugates, several innovative strategies of creating polymer-drug conjugates have been proposed recently. Cheng et. al. used a drug-initiated, controlled polymerization protocol to form polylactide (PLA)-drug conjugates. Drugs including paclitaxel [65] , doxorubicin [66] , cyclosporine A [67] and camptothecin [68] were conjugated to PLA via a hydrolysable ester linker. High drug content (10-30 wt %) was obtained and controlled release was observed. Reversible addition-fragmentation chain transfer (RAFT) polymerization, a technique that can achieve excellent control over polymer molecular weight and composition, has also been applied to produce HPMA-SN-38 (a camptothecin analog) conjugate [69] . The polymer-conjugate displays good aqueous solubility and similar anticancer effect of free drug. These one-step synthetic approaches simplify the manufacturing process as compared to conventional postsynthesis conjugation methods. However, they also limit the linker choice between polymer and drugs, which potentially diminishes the control over drug release rate. More innovative chemistries to expand the linker library will further increase the appeal of polymer-drug conjugates.
Novel use of nature polymers
Natural polymers derived from biological systems including protein, DNA, and polysaccharides are biocompatible and biodegradable polymers. They possess low toxicity and potentially favorable pharmacokinetics in the circulation. Use of natural polymers as drug carriers has a long history. The use of polysaccharides [70] such as heparin, chondroitin sulfate, and chitosan [70, 71] as carriers, and coupled with the use of antibody [72, 73] and transferrin [73, 74] as targeting motif has all brought significant clinical benefits. Nonetheless, the tremendous potential of natural polymers as drug carriers is still under-represented and deserves more attention. An interesting direction has been the use of nucleic acid in drug delivery. For instance, there is a growing interest in the use of DNA or RNA aptamer as new targeting motif in replacement of antibody [75, 76] . Aptamers, the conjugation chemistry of which is easier to control and confine, are smaller in size, easier and cheaper to synthesize and purify, and less immunogenic. Furthermore, nucleic acid itself as a biomaterial and building block may be an interesting platform for delivery applications [77] . There are no nanoscale interactions more elegant than those governing nucleic acids by the Watson-Crick pairing rules. The infinite combinations of DNA/RNA base pairs and their remarkable molecular recognition capability can give rise to interesting nanostructures that are only limited by our imagination. Creative assembly of nucleic acids has fashioned a plethora of 2D and 3D nanostructures with precisely controlled size, shape, and spatial functionalization. Various DNA-based nanostructures suitable for drug encapsulation have been invented, such as DNA nanotubes [78, 79] and DNA nanoboxes [80] . The nanobox which is about 35 nm in size has been designed to have a lid that can be locked or opened with a molecular "key". This interesting design allows for controlled release of small chemicals. Other DNA nano-architectures have been used to deliver various bioagents such as doxorubicin [81] , CpG [82, 83] , and siRNA [81, 83] . The susceptibility of these DNA nanostructures to premature nuclease degradation may limit their utility, but modified nucleic acids have proved much more stable [84, 85] . In another case, modification of protein has led to a novel carrier design. Liu et. al. from Harvard mutated the green fluorescence protein (GFP) to change from a wild-type with a net of seven negatively charged groups to a polypeptide with 36 positively charged groups. The mutations do not alter the GFP structure and fluorescence intensity, and yet offer great chemical resistance to enzyme degradation and denaturation. These supercharged GFP are used to deliver various proteins [86, 87] and DNA/siRNA [87] into different cells. Not only serving a delivery function, the intrinsic fluorescence from GFP also allows for tracking of the delivered cargo. This example highlights the potential of polypeptides as drug carriers, which is being increasingly pursued by drug delivery researchers using protein engineering.
Recombinant protein-based drug carriers
Recombinant proteins bear the intrinsic advantages of natural biopolymers for medical application as they are biodegradable and potentially biocompatible if the artificial sequence is not antigenic. Genetic engineering allows precise control over structural and functional properties of recombinant proteins, such as their molecular weight, hydrophobicity, targeting motif, secondary structures, and drug conjugation sites. Two broadly studied recombinant protein systems are the elastomer-like proteins (ELPs), and silk-like proteins (SLP).
ELP is a family of recombinant proteins derived from the elastomeric domain of extracellular matrix protein elastin. This short hydrophobic domain, comprised of five amino acids (GVGVP), is the basic building block of ELPs [88] . Moreover, by substituting the second amino acid in the pentapeptide, ELPs can undergo reversible and rapid phase transition in response to temperature. Chilkoti and colleagues have designed a series of ELP with distinct transition temperatures as drug carriers [89] [90] [91] [92] . In one system, ELP-peptide fusion protein was conjugated to doxorubicin [91] , which formed micelles and aggregated in the tumor microenvironment under hyperthermic, leading to increased accumulation at tumor site. In another study, the effect of hyperthermia-induced micelle formation was exploited to present multivalent targeting motifs to enhance cellular uptake [92] . Chaikof and colleagues have also developed multiblock ELP for drug delivery in the configuration of NP, hydrogel or film depending on the multiblock composition and processing method [93] [94] [95] [96] .
Silk protein is a native block copolymer with alternating large hydrophobic and hydrophilic blocks. The hydrophobic block is generally a repetitive sequence conserved with short-chain amino acids, such as glycine and alanine. The hydrophilic block is less conserved and usually contains non-repetitive sequences rich in charged amino acids. The hydrophilic domain is often substituted with other peptide sequences to achieve specific function for drug delivery. The length of the hydrophobic domain could also be tuned to yield protein NPs with reproducible sizes for drug and gene delivery [97, 98] . A recent study demonstrated that a SLP recombinant protein endowed with a cell penetrating peptide could achieve transfection efficiency 45 times higher than that of poly(ethyleneimine) (PEI) [99] .
Smart DDS
Much of innovations in materials design for drug delivery manifest in producing smart DDS that are able to release the therapeutic payload on-demand. Stimuli-responsive polymers mimic the behavior of biological molecules where external stimuli or changes in local environment can trigger a change in property: conformation, solubility, shape, charge, and size. Drug release can be regulated not only in a spatial manner via targeting, but also in a temporal manner when the external stimuli are applied. Various chemical (pH, ionic strength), physical (temperature, light, electricity, magnetic field, ultrasound, mechanical stress etc.), and biological (enzymes, proteins) signals have been used as the triggering stimuli [100] . Numerous monomers have been discovered to possess sensitivity to a specific stimulus. They can be assembled to a homo-polymer with tunable sensitivity to one signal or to a co-polymer responding to multiple stimuli. Smart polymer coupled with targeting ligand can probably best minimize off-target effects and maximize programmability. Smart DDS has been covered in excellent reviews elsewhere [101] [102] [103] [104] .
Combinatorial chemistry and polymer library
Structure-function relationship for material design in drug delivery has generally been derived from empirical deduction of available systems, and only with limited structural variations coming out from a single laboratory. A systematic approach is required. Systematic study is difficult for polymeric systems, not only because the synthesis is tedious, but also due to the intrinsic polydispersity of most polymers. Rapid progress in combinatorial chemistry enables the fine-tuning of drug carrier characteristics at the molecular level. In early days, combinatorial chemistry is used to synthesize and screen biocompatible polymers for coating of medical implants and devices. One approach was described by Kohn and coworkers, who built a library of 112 polyacrylates from 14 tyrosine-derived diphenols and eight diacids with slight differences in polymer bulkiness, flexibility, hydrophobicity, and cellular response that affected their potential utility in medical implant applications [105] . Recently, combinatorial chemistry was attempted to generate a library of potential gene carriers. Akinc et. al. used a simple synthetic scheme to produce a library of over 1200 lipid-like polymers by combinatorial chemistry to delivery siRNA in vivo [106] . In this study, a collection of alkyl acrylates or acrylamides was reacted with different diamines via Michael's addition to produce thousands of siRNA delivery vectors with diverse physiochemical properties. A follow-up study used improved chemistry to synthesize another library of lipid-like polymers to reduce dosage of siRNA required for in vivo study [107] . Though there is a conflict in the optimal alkyl length for siRNA delivery between these two studies, they share some common conclusions such as retention of a secondary amine and possession of either two long amide tails or several smaller amide tails for high siRNA transfection efficiency in Hela cells. In a separate study, Weissleder et. al. generated a small library of 146 NPs each multivalently presenting unique small molecules on surface [108] . These magnetofluorescent NPs were coated with dextran and functionalized with primary amine for conjugating small molecules for targeting. With this library, the group was able to identify small molecules that produced differential affinity for different cell lines in vitro and in vivo, without knowing a priori the molecular receptors involved.
Chemical composition greatly influences physicochemical properties of NPs, which in turn governs the pharmacokinetics and bio-distribution of particulate DDS. Nonetheless, fabrication or formulation also plays an equally essential part for optimal delivery. As discussed earlier, structure-function relationship is essential for design, characterization and validation of DDS development. However, if the formulation is flawed in producing inferior products, the structure-function relationship would be inaccurate and even misleading. For example, the optimal N/P ratio of polyplexes for nonviral gene delivery determined by bulk mixing might be inaccurate if such formulation produces highly heterogeneous and unstable polyplexes within the same mixture. With the same materials chemistry, fabrication may also enable generation of NPs with different characteristics such as sizes, shapes, and drug loading efficiencies and release profiles, which impacts the therapeutic outcome. Moreover, fabrication methods directly influence the cost, ease of purification, reproducibility and scalability of a drug, which are also important considerations in pharmaceutical development. As it is envisioned that NPs will become the dominant DDS for intracellular delivery, and nanomedicine has captured the imagination of scientists and layman alike, herein we will discuss the fabrication of NPs, the development of which is fueled by nanotechnology innovations. Since conventional fabrication methods for particulate DDS are less reviewed elsewhere, we will also spend some time describing them before introducing the recent innovations in fabrication such as microfluidics and imprinting technologies.
Conventional NP fabrication
2.1. One-step NP formation: Nanoprecipitation Nanoprecipitation (Figure 2a) is one of the most commonly used NP fabrication methods, which accounts for more than 50% of the NPs reported for drug delivery [106] . It is performed by adding an organic solution which contains the polymer and lipophilic drugs into an aqueous solution in a drop-wise manner under constant stirring. NPs containing drugs form instantaneously as the polymer diffuses into the aqueous phase. The miscibility of the solvent with water is the most critical parameter governing the outcome [109] . The rate of polymer addition and stirring speed also influence the size and drug loading level. Particle size formed by this method is usually around 200 nm, typically smaller than those produced by other processes. The method can be applied to a wide range of polymers [110] , peptides [111] and amphiphilic cyclodextrins [112] , although scale up would be inefficient due to the nature of drop-wise addition.
Two-step NP formation: Emulsification-based methods
Many fabrication methods for NP preparation adopt a two-step process. In the first step, the organic phase containing the polymers and drugs are vigorously agitated or sonicated in the aqueous phase to form emulsified droplets. Depending on the emulsified system (from nanoemulsion to macroemulsions) used, the eventual particle size and drug loading varies. Double emulsions could also be used to prepare core-shell vesicular structures. Following emulsification, various methods are used to precipitate the polymer to form dense drugloaded particles (Figure 2b ).
Emulsification-solvent evaporation-Emulsification
-solvent evaporation is the most common method reported to prepare NPs [109] . In this method, polymer is dissolved in a volatile solvent (such as dichloromethane, chloroform) and emulsified in an aqueous phase. Formation of NPs is achieved by the evaporation of the solvent under reduced pressure [113] . Nevertheless, this is a slow process compared to nanoprecipitation which happens in milliseconds. For instance, it requires 80 min to evaporate 10 mL of ethyl acetate from a 50 mL aqueous emulsion. During the first 40 min 90% of the solvent is removed but it takes another 40 min to completely get rid of the rest [114] . The size of NPs drops to minimal during the first 40 min, and increases in the second 40 min due to coalescence of emulsion droplets. Thus, the coalescence determines the final particle size which is largely dependent on the evaporation condition. This highlights the importance of optimizing processing conditions in determining quality of particulate DDS. Adjusting solvent evaporation condition such as temperature and pressure would improve the quality. The use of a surfactant such as sodium dodecyl sulphate (SDS) or poly(vinyl alcohol) (PVA) would also minimize the coalescence effect and produce smaller NPs [115] .
Emulsion-solvent evaporation is widely used to encapsulate lipophilic drugs. However, the loading level for hydrophilic drugs, such as proteins and peptides is generally poor due to diffusion of the hydrophilic drug into the aqueous phase before the polymer can solidify to entrap the drug [116] . To overcome this problem, water-in-oil-in-water (W/O/W) double emulsion can be used to reduce the loss and also to preserve the bioactivity of delicate drugs such as proteins in the aqueous phase. Typically, the primary emulsion is formed by ultrasound treatment of a mixture of aqueous phase containing therapeutics and organic phase containing the polymer and an organic surfactant serving as the stabilizer for water-inoil (W/O) emulsion. The second emulsion is formed by sonicating a mixture of the organic phase containing dispersed W/O emulsions and aqueous phase containing a hydrophilic stabilizer. Sonication duration for the second step is more critical in determining the final particle size as compared to that of the first step and surfactant concentration [117] . Longer sonication time significantly reduces the size of the particles and produces smaller polydispersity, but this has to be balanced against the potential risk of damaging the drug.
Emulsification-solvent diffusion-Emulsification-solvent diffusion is another
widely used method to prepare drug-loaded NPs. In this method, the polymer is dissolved in a partially water-miscible solvent (such as benzyl alcohol and propylene carbonate) which is pre-saturated with water [118] . A typical emulsification method is then used to produce oilin-water (O/W) emulsion droplets from the water-polymer saturated solvent. The dispersed droplets are then diluted by a large amount of water containing a stabilizer. The diffusion of organic solvent out from the droplets leads to the condensation of the materials within the droplet and formation of NPs. The solvent extraction process takes places within a few milliseconds, causing a drop in particle size. In general, the diameter of particles prepared by this method is around 150 nm. Due to the fast solvent extraction kinetics and well-defined solvent-water interaction, physical properties of NPs prepared with this method is highly reproducible and the polydispersity is significantly lower than NPs prepared by other conventional methods [119] .
Emulsification-salting
Out-Emulsification-salting out is a derivative of the emulsification-solvent diffusion method. The organic solvent used is totally miscible with water, such as acetone. The polymer-containing solvent is emulsified in an aqueous phase containing high concentration of salt (magnesium chloride, calcium chloride) or sucrose [120] . The saturated aqueous solution prevents acetone from mixing with water. Dilution of the emulsion droplets in a large amount of water results in an abrupt drop of salt concentration of the continuous phase, leading to the extraction of organic solvent and precipitation of NPs. This method works exclusively for lipophilic drugs. The choice of salting-out agent greatly impacts particle size and drug encapsulation efficiency, whereas mechanical mixing, stabilizer concentration have less profound effect. Zhang et. al.
compared the solvent-diffusion and salting-out methods to prepare poly(trimethylene carbonate) (PTMC) NPs containing a lipophilic drug. Particle size from salting-out is smaller but drug loading efficiency is also lower [121] .
Layer-by-layer synthesis
Layer-by-layer (LBL) NP preparation (Figure 2c ) makes use of the electrostatic interaction between oppositely charged polyelectrolytes, such as polylysine, chitosan, gelatin B, or poly(ethyleneimine) (PEI) complexing with sodium alginate, poly(acrylic acid) (PAA), dextran sulfate, hyaluronic acid, chondroitin sulfate or heparin. Solid form of bioactive agents is often used as the core to grow the vesicular structure. A polymer layer is first adsorbed onto the colloidal template by incubation in the polymer solution, washed, and transferred to the oppositely charged polymer solution. Repeat of the cycle leads to a multilayered coating that can control the release kinetics. Calcium phosphate nano-crystal, which could be dissolved away by chloric acid, is frequently used as the core. This method can be used to encapsulate various bioactive agents, such as paclitaxel [122] , tamoxifen [123] , vitamins [124] , insulin [124] , antigenic peptides [125] , and nucleic acids [126] . In the latter case, oral delivery of siRNA against TNF-α and suppression of inflammation was achieved by LBL assembly of PEI and siRNA onto a β1,3-d-glucan core extracted from yeast. In this method, particle size and drug release rate could be controlled by controlling the thickness of the shell.
Microfluidic platforms for DDS fabrication
Conventional NP fabrication techniques are prone to polydispersity and batch-to-batch variations. For instance, the final size of NPs generated by the emulsion-based techniques is directly determined by the size of the emulsion droplets, which itself could be very heterogeneous in bulk mixing. While heterogeneity remains an insurmountable obstacle in bulk preparation of DDS, microfluidics, the manipulation of fluid in nano/picoliter scale channels, presents exciting opportunities to improve the fabrication and manufacturing of particulate DDS. The general benefits of conducting reaction in microfluidics include but not limited to rapid mixing of reagents, homogeneous reaction environment, flexibility for multi-step reaction design, enhanced processing accuracy and efficiency, better heat transfer due to high surface-to-volume ratio, miniaturization, and cost savings from reduced consumption of reagents [127] . In particular, the rapid mixing feature, flexibility for multistep reaction and efficient processing, as we shall see later, contribute to the improved fabrication process of particulate DDS in three aspects. First, microfluidics is a versatile platform that can be used to synthesize various types of drug carriers. Second, microfluidicsaided synthesis exhibits better controllability over the physical properties of drug carriers. Third, microfluidic possesses are amenable to scale-up and on-line quality control, factors important for translation and commercialization.
Most of the microfluidics devices nowadays are fabricated in either glass [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] or polydimethylsiloxane (PDMS) . Silicon [168] [169] [170] , perfluoropolyether [171] , polymethyl methacrylate (PMMA) [172, 173] , polyurethane [174] , polycarbonate [175] and stainless steel [176] microfluidics devices are also reported. In the commonest approach, two streams containing continuous and disperse phases are infused into two separate inlets, and the disperse phase is confined into isolated droplets or narrow stream at T-junction, in flow-focusing and concentric capillaries. The three most common types of microfluidics design is shown in Figure 3 . The droplet configuration would produce spherical particulate DDS in a discrete manner whereas the focused-stream configuration would promote selfassembly at the interface of the two adjacent streams in a continuous manner.
Microfluidics as versatile platform for DDS synthesis
3.1.1. Nano DDS-Due to the intrinsic limitation of bulk synthesis, the adoption of microfluidics for synthesis of nano-sized DDS has become an attractive alternative [169] . Self-assembly of liposome in microfluidics system is demonstrated [168] [169] [170] . Lipids dissolved in isopropyl alcohol (IPA) in the disperse phase is channeled through two streams of buffer solutions of continuous phase in a flow-focusing device where dilution of IPA occurs through mixing of fluids at the interface. Liposome particles (50-200 nm in diameter) highly homogenous in size are precipitated at downstream of the channel ( Figure  4a ). Using the same approach, monodisperse PLGA-PEG NPs ranging from 20 to 100 nm have also been synthesized [146] [147] . Drugs such as docetaxel and platinum (IV) prodrug have been encapsulated as an example. By selecting two immiscible phases containing different precursor molecules, lipid-polymer hybrid DDS are prepared in flow focusing device by dissolving hydrophilic PEG or PNIPAM in aqueous continuous phase and hydrophobic lipids in the organic phase. The formation of PLGA/lecithin/PEG NPs (35-180 nm) and lipid-PNIPAM (150-300 nm) are reported [148, 177] . Apart from precipitation reaction, recently the synthesis of polymer-drug conjugates using microfluidics system has also been demonstrated. Heparin-folic acid-retinoic acid (HFR) bioconjugates (100 nm) with high drug coupling ratio and uniform size distribution could be produced efficiently after thorough mixing of two reactants introduced into a microchannel [171] . Reduced reaction time and high drug conjugation efficiency is attained in a single-step assembly reaction.
While microfluidics facilitates the preparation of nano-sized DDS by rapidly mixing the precursor solution with buffer, the fabrication of DNA nanocomplexes such as lipoplex or polyplex for nonviral gene delivery of DNA, siRNA could also benefit from the same platform [132, 144, 145] . Polyplexes (250 nm) and lipoplexes (200 nm) formed in picoliter droplets by using a flow-focusing microfluidics device show smaller size, narrower size distribution, lower cytotoxicity, and higher transfection efficiency compared to those formed by bulk mixing, demonstrating the appeal of self-assembly in a small volume [144, 145] .
Microparticles / microspheres-
The capability of microfluidics to generate discrete droplets is leveraged to fabricate microparticulate DDS. A range of organic (PLA [151, 161] and PLGA [156, 157] ) and inorganic (chitosan [172, 173] , poly(Nisopropylacrylamide) pNIPAAM [133, 134, 152, 155] , hydrogelator [153] , silk protein [135] , pectin [175] , hydrazide and aldehyde-functionalized carbohydrates [158] , dextranhydroxyethyl methacrylate (dex-HEMA) [166] and silica [154] ) materials have been investigated for microparticle formation through generation of liquid precursor droplets in microfluidics prior to solidification by solvent extraction or induced polymerization ( Figure  4b ). Furthermore, porous microparticles are also fabricated with the help of microfluidics to facilitate drug release. The use of poly(ethylene glycol)-b-polylactide (PEG-PLA), which is oil-soluble, as gel matrix in O/W emulsion leads to the formation of a reverse micelle structure with a small amount of water encapsulated within, creating pores upon freeze drying [151] . PEG has also been used as porogens during the formation of porous pNIPAAM microparticles [155] .
Core-shell structures-W/O/W
is useful to prepare core-shell structures. However, conventional emulsification techniques used to prepare core-shell structure generate droplets with great variation in sizes. The possibility of adopting microfluidics for production of core-shell structure has been explored. Utada et. al. first reported the formation of W/O/W double emulsion droplets from a concentric microcapillary device [131] . Such W/O/W droplets/capsules could be used to trap and release insulin [178] and antibiotics [130] by either diffusion of substances through the oily membrane or disruption of the droplet structure under shear stress [179] . Using this method, DDS such as microscale polymersomes could be fabricated with precise control over their size [128] . In other studies, microcapsules with alginate, PLA or a polyelectrolyte shell comprising anionic platinum NPs and cationic diazoresin, are prepared by forming single emulsion followed by ionic crosslinking of the surface of the capsule, solvent evaporation or coating with polyelectrolytes [129, 140, 180] .
Smart drug delivery core-shell structures-Microfluidics
has also been used to produce smart capsules for drug delivery. Using pNIPAAM along with crosslinker (BIS) as the disperse phase and hexadecane containing photoinitiator as the continuous phase, thermosensitive pNIPAAM capsule could be generated in a single emulsion system by applying UV light to photopolymerize pNIPAAM precursor droplets from outside after the photoinitiators have diffused into contact with the monomer [167] . Change of capsule volume is induced by subjecting the capsule to different temperatures, a mechanism that could potentially be used to trigger the release of drugs. Using the double emulsion approach, thermosensitive microcapsules could be made by coating polyacrylamide microgel as the inner core with (pNIPAAM) precursor followed by crosslinking to form microgel capsule [181] . A stimulus-responsive colloidosome which exhibits 80% decrease in volume when actuated is fabricated by assembling pNIPAAM microgels at the interface of W/O emulsion [141] . Moreover, a pH-responsive capsule can be generated from an O/W/ O emulsion template comprising chitosan in the middle water phase and oil-soluble crosslinker in the inner oil phase [142] . Chitosan is crosslinked at the inner O/W interface as the inner oil contacts with the middle chitosan layer during transition in the microfluidics device. The chitosan capsules displays an acid-sensitive burst release of cargo from the inner core by decomposition of the shell layer. Monodisperse polymersomes are fabricated using the similar approach in W/O/W emulsion when PEG-b-PLA adsorbs at the oil-water interfaces. The encapsulation and triggered release upon osmotic shock of 4000 Da dextran molecules is described. Finally, a "smart" magnetic field-sensitive drug delivery device is constructed with high molecular weight chitosan embedded with magnetite particles as the capsule layer [149] . The release of drug (aspirin in this case) from the inner core is sparked by an AC magnetic field that causes the compression and extension oscillation of the capsule, resembling the pumping action of drug. The drug release behavior could be tuned by simply varying the applied magnetic field.
Janus particles-
In addition to conventional drug-encapsulated microparticles, Janus particles, which have an interesting anisotropic structure and are difficult to prepare by conventional methods, could be readily fabricated in microfluidics. Janus particles are fabricated by co-injecting two immiscible streams in the disperse phase and solidifying droplets generated at T-junction (Figure 4d ) [174] . These particles are attractive since they can be used to co-deliver two drugs with distinct properties or a drug and an imaging marker. As a demonstration, water soluble (doxorubicin hydrochloride) and water insoluble (paclitaxel) drugs are encapsulated in a single Janus particle. Each drug is separately released from the particles [176] .
3.1.6. Multi-shells, chamber particles and microfibers-Multi-shell and multichamber particles, which have been shown to be efficiently produced on microfluidics platform, represent novel drug delivery vehicles whose potential has yet to be fully explored [138] . A multi-shell particle allows multiple drugs or a diagnostic agent along with the drug to be encapsulated at different layers for combination drug therapy or theranostics. As an example, a multilayer gas liposphere is fabricated in a microfluidics system [160] . The liposphere contains an oil layer incorporated with hydrophobic drugs wrapping around a gas core intended as a contrast agent for ultrasound imaging. The lipid-PEG layer in exterior can be functionalized for targeted delivery. Multi-shell particles could prove useful in cancer therapy where combination drug therapy is more effective to eradicate tumor cells and as theranostic agents where the site of drug delivery can be pinpointed by imaging [147] . A multi-chamber particle can serve similar functions by encapsulating more than one inner sphere within a particle. A thermosensitive hydrogel encapsulating multiple inner oil droplets is fabricated by microfluidics, and the release of both hydrophobic (carried by the oil phase) and hydrophilic molecules (associated with the aqueous hydrogel phase) is demonstrated [161] . Furthermore, microfluidics system allows precise control of the composition of inner spheres [137] .
Another potential DDS that can be fabricated on a microfluidics platform in a simple and cost-effective manner is drug-loaded microfibers. Such a fibrous structure can be useful in surgical reconstruction where diffusion of drug can improve wound healing and minimize scarring [182] . The production of alginate [162, 163] , PLA [182] , an amphiphilic copolymer [159] and poly(ethylene glycol) diacrylate (PEG-DA) [164] fibers have been reported by flowing a precursor solution into microchannels under laminar flow conditions to induce fiber formation by crosslinking, precipitation or polymerization, respectively. Among them, alginate fibres encapsulating silver NPs are successfully fabricated for application as wound dressing to stimulate healing while inhibiting microorganism growth [163] . The tensile strength of fibers, drug loading efficiency and degradation properties are parameters that need to be optimized to present its appeal as a novel DDS.
Microfluidics offers precise control over drug carrier synthesis
In addition to its versatile nature, microfluidics platform offers another advantage over existing processing methods by exhibiting high degree of control of DDS preparation in five aspects: particle size, shape, shell thickness of capsule, drug loading efficiency and release rate. The following sections illustrate how the precise control is achieved in each aspect.
Control of particle size-
The most important benefit of using microfluidics to fabricate particulate DDS is the ability to precisely control particle size. The NPs or microparticles generated from microfluidics platform typically have a narrower size distribution than those acquired by conventional methods [146, 157] . By two ways can microfluidics platform facilitate the fabrication of monodisperse particles. a) Using a Tjunction or flow-focusing device, the breakup of the disperse phase by the continuous phase is periodic and predictable, leading to discrete and consistently sized droplets formed at the junction. The size of droplets can be conveniently controlled via altering the flow rates of continuous and disperse phases. These droplets subsequently are solidified to give microspheres or undergo further encapsulation to generate uniform core-shell structure. In the case of nanocomplex synthesis, it is hypothesized that the charge neutralization between the cationic gene carrier and the negatively charged nucleic acid would be more complete by confining the two components in picoliter droplet, yielding nanocomplexes more uniform and compact while exhausting any unreacted cationic gene carrier that is often cytotoxic. b) In hydrodynamic focusing, the fluid stream to be mixed flowing along the central microfluidics channel is confined into a narrow stream after encountering two adjacent streams at higher flow rates. The diblock copolymers or lipids dissolved in solvent self assembles as solubility decreases via solvent dilution through mixing with buffer in adjacent streams, the process of which takes place in micron scale. In theory, the efficiency of mixing by diffusion is length dependent. In reactors with a characteristic length scale larger than 1mm, mixing by diffusion is inefficient whereas mixing time drops significantly as diffusion distance falls below 100 um [127] . Microfluidics channels, usually designed with width of 100 um or less, represent an efficient and readily accessible reactor for rapid mixing of fluids. The three stages of carrier fabrication by self-assembly (nucleation, growth through aggregation and stabilization after a characteristic aggregation time scale) are well controlled in the microfluidics channel, resulting in carriers with highly reduced polydispersity.
3.2.2. Control of particle shape-In addition to particle size, the effect of particle shape on drug carrier performance has recently gained more attention because of its influence on tissue biodistribution and endocytic uptake [183, 184] . Conventional soft lithography can be used to fabricate non-spherical particles but the throughput is limited by the mold size. Using a combined microscope projection lithography and microfluidics approach, however, the fabrication process for non-spherical objects could be rendered continuous which obviously appeals to clinical translation and product manufacturing [165] . In this approach, a mask with desired features is inserted in the microscope to generate a mask-defined UV light beam projection on the monomer stream flowing in a PDMS microfluidics device above. Particles with desired shape are polymerized and advect along the unpolymerized monomer stream to make way for subsequent polymerization to occur. Particles with a variety of shapes can be efficiently generated. These examples showcase another attractive feature of microfluidics-aided drug carrier synthesis, one that can be leveraged to mass produce drug carriers with various shapes to optimize their biological performance.
3.2.3. Control of particle shell thickness-In microcapsule, the shell represents a diffusion barrier to control the sustained release from the capsule. The drug release profile associated with microcapsules of varying shell thickness would be inhomogeneous, which would be undesirable if uncontrolled. In the double emulsion approach, the thickness of the capsule shell can be easily controlled via optimizing the design of microfluidics device or simply altering the flow rate adopted in the encapsulation process. PLA microcapsules with a shell thickness as thin as 80 nm could be reproducibly and effectively produced on microfluidics platform, which is otherwise not achievable in bulk preparation process [139] . The precise control of the capsule shell thickness afforded by microfluidics enables tuning of the drug release profile of microcapsules for different controlled drug release applications.
3.2.4.
Control of drug loading efficiency-Compared with conventional fabrication methods for microspheres which resulted in a drug encapsulation efficiency (EE) of 50-90% [150] , several studies that looked into drug loading efficiency associated with a microfluidics approach consistently reported an EE of 95% or greater [150, 173] . This is a direct result of generating isolated emulsion droplets during microparticle or microcapsule synthesis where no drug is lost from the droplets. In the case of nano DDS synthesis, one study reported an EE of 21-45% for PLGA-PEG NPs fabricated in bulk (emulsificationsolvent diffusion) while a microfluidics approach achieved an EE of 28-51% [146] . This could be explained by the effect of different mixing rates. When the mixing rate is slow, the time scale of NP assembly is smaller than the time scale of solvent diffusion. Thus in bulk mixing NP starts assembling when the solvent concentration is still high and results in drugs (e.g. docetaxel) escaping the encapsulation process. In the microfluidics approach the time scales of the two processes are comparable and hence more drugs can be encapsulated within the carrier. This advantage would be of particular importance when one deals with expensive drugs.
3.2.5.
Control of drug release rate-While the successful demonstration of microfluidics-aided fabrication of different types of delivery vehicles is prevalent, there has been little effort devoted to systematically characterizing the drug release kinetics profile of the particles generated from a microfluidics versus the conventional approach. The study carried out by Q. Xu et. al. compared the kinetics of drug release of PLGA microparticles generated from the two approaches [157] . The monodisperse particles prepared using microfluidics release drug more slowly and have a smaller initial burst effect than those observed in conventional polydisperse particles. The authors attributed the effect to more uniform drug distribution in the microfluidics-produced particles; hence drug release by degradation of the former would be more gradual. Similarly, Karnik et. al. reported the microfluidic-aided self-assembled PLGA-PEG NPs had slower and smaller initial burst of drug release than those fabricated by conventional approaches [146] . Again rapid mixing pertaining to microfluidics approach may lead to a more uniform drug distribution inside the particles so that drug release is steadier by uniform degradation of the particles. These studies serve to justify the use of microfluidics over conventional approaches in controlling the drug release rate.
Future perspective: scale-up production and versatility
As we have seen, microfluidics platform shows promise to revolutionize particulate DDS synthesis. However, research development is merely the first milestone before the process can be translated into industry-scale manufacturing. In order for the technique to be widely adopted, two requirements must be satisfied: scalability and versatility. Industrial application of microfluidics platform for drug carrier synthesis requires a high throughput production system. Effort has been made to construct devices that support generation of particles/capsules at high rates [143, 185, 186] . Incorporation of parallel generators in a single chip is one way to achieve mass production. Up to 128 droplet generators can be fabricated in a 4 cm X 4 cm chip to produce a throughput of 0.3 kg/h of monodisperse acrylic microspheres [185] . As miniaturization is a key feature of microfluidics device, tens or hundreds of these chips, occupying far less space than conventional synthesis equipment, can be made to operate simultaneously to manufacture DDS.
The drug fabrication process has also to be versatile in such a way that DDS with diverse properties can be efficiently fabricated and sorted. Current microfluidics-based synthesis is largely passive, where the particle properties are tuned by changing the flow rates of two immiscible phases. One of the limitations is that any change at input has a long response time; for instance, transition from dripping to jetting in droplet production sets a limit on the frequency of generation [187] . Recently an automated active droplet production system was proposed to address the issue by using valves to externally control the infusion of two phases so that the droplet volume and volume of continuous phase separating each droplet can be precisely and sharply tuned [187] . This can potentially increase versatility of the microfluidics drug carrier synthesis platform as carrier properties can be properly adjusted. Throughput will suffer but likely be addressable in the future.
Following the synthesis of drug carriers varying in size or shell thickness, steps need to be taken to separate them according to their properties. One of the attractive features of microfluidics is the flexibility for multi-step processing; hence functions such as particle sorting can be incorporated into the system conveniently. In fact, continuous particle sorting based on size has been carried out in microfluidics using optical lattice [188] , sedimentation [189] , hydrodynamic filtration [190] , and lateral displacement [191] . In these examples, mixture of particles of different sizes is channeled through the device, and subjected to physical force the magnitude of which depends on their size. Subsequently, the separate streams containing particles identical in size are collected in different reservoirs. Furthermore, the particle-sorting step can also be used as quality control, which ensures the process of synthesizing drugs on microfluidics platform is robust and reproducible by generating drug carriers with properties that are within an acceptable range. Even though properties including particle size, shell thickness, drug loading level are already tightly controlled in the microfluidics synthesis process, additional monitoring and screening steps would increase the value of the entire drug processing system. The integration of high throughput particle synthesis and sorting "on chip" can be seen as one of the greatest potential of microfluidics-aided drug carrier synthesis platform, and ultimately be adopted to advance DDS development ( Figure 5 ).
Top-down NP fabrication
The physical properties of DDS would affect drug delivery efficiency. While the influence of particle size on drug delivery efficiency has been well characterized, it is not until recently that the role of particle shape on drug delivery has been revealed. Rod-like structures demonstrate the highest cellular uptake efficiency, followed by spheres, cylinders and cubes [183, 184] . Shape-specific influence on particle circulation has also been discussed. Filamentous micelles have been shown to circulate 10 times longer than their spherical counterpart [192] . Nonetheless, the precise role of particle shape in drug delivery has not been elucidated due to the limited studies available. This is partly attributed to the lack of easy and robust methods in producing NPs with various shapes [193] .
Early attempts to study the effect of particle shape on bioavailability have stretched spherical NPs into ellipsoidal particles [194] . Embedded in a PVA film, the spherical particles deform when the film is heated, stretched, and quenched. The heating temperature required to deform the particles is determined by the glass transition temperature of the polymeric carrier, which is around 90°C for PLGA and 140°C for polystyrene (PS) [195] . The high temperature greatly limits the type of bioactive agents that could be encapsulated in these deformed particles. One advantage of this method is that it produces non-spherical particles with exactly the same volume. Nonetheless, the process is highly material-specific and has only been demonstrated for PLGA and PS particles with very limited scalability [184] .
Conventional NP synthesis typically relies on bottom-up approaches. As discussed earlier, the capacity to achieve large size differences and shape variation is greatly limited by the nature of the self-assembly process. In consequence, top-down methods that can produce particulate DDS with well-controlled size and shape are attractive.
Particle replication in non-wetting template (PRINT)
PRINT (Figure 6 ), first introduced in 2005, is a top-down technique to fabricate monodisperse particles with precise particle structures [196] . A non-wetting perfluoropolyether (PFPE) elastomeric mold containing wells or cavities of predefined shape and size is used to fabricate the particles. Polymer liquid solution containing the cargo is confined in the cavities by pressure applied between the mold and the PFPE surface, followed by crosslinking or solvent evaporation. The low surface energy of PFPE prevents the overflow of polymer solution to non-cavities region, leading to well-isolated NP formation. With this method, particles from 80 nm to 20 um have been fabricated with PLA, PEG hydrogels, proteins and stimuli-responsive polymers with disulfide [197] or silyl ether linkers [198] . Particles with various structures, such as circular disc, cube, rod, cone, and others have been made [196, 197, 199] , with cargos ranging from chemotherapeutics [200] to imaging fluorophores [201] . With the PRINT technology, Gratton et. al. generated a library of PEG-based particles with a wide array of size and shape to study cellular uptake [183] . They also demonstrated that rod-like particles were more readily to be engulfed by Hela cells compared to particles of other structures.
Step-flash imprint lithography (S-FIL)
S-FIL ( Figure 7 ) is a commercially available nanoimprint technique that uses a quartz template with predesigned patterns for particle synthesis. Polymer solution containing crosslinkable PEG-DA is added to the cavities of template and polymerized via UV light. A PVA layer is deposited beneath the polymer layer and on top of a silica wafer for the release of imprinted particles. Glangchai et. al. used this method to fabricate stimuli-responsive NPs of 50-400 nm and various shapes [202] . By incorporating an enzymatic degradable peptide GFLGK between PEG and diacrylate, the particles release plasmid DNA upon enzyme treatment in vitro. S-FIL relied on oxygen plasma treatment to release the NPs from PVA layer [202] . On one hand, it does not involve any mechanical stretch and maximally preserve the structure of NPs. On the other, oxygen plasma generates large quantity of reactive oxygen species and free radicals, which could damage biological materials such as DNA and protein and induces polymer degradation [203] . Furthermore, this method is restricted to photo-crosslinkable polymers and two dimensional shapes.
Microfluidics-based top-down approaches
Dendukuri et. al. used continuous flow photolithography (CFL) (Figure 8 ) to fabricate particles of complex shapes [165] . A stream of PEGDA containing a photoinitiator is continuously channeled through a microfluidic device. A photomask with defined shapes is placed underneath the channel while pulses of UV light are applied. Particles of defined shapes are formed via cross-linking and flushed to the outlet for collection because of the continuous flow. This method eliminates the requirement of further harvesting steps and the particles could be purified by centrifugation and re-suspension in water. However, due to the continuous flow nature, the final shape is usually deformed from the designed structure, reducing geometrical resolution of the particles. To increase the resolution, the same group has developed stop flow lithography technique (SFL) [204, 205] . In SFL, a three-way solenoid valve is applied to control the flow inside the channels to stop briefly during each exposure for the polymerization to complete. Complex shapes with high resolution are formed, including toroid, hexongonal and worm-like structures. The high resolution and ease of harvesting and purification render this method a promising tool for top-down particle synthesis. However, it is also limited to photo-crosslinkable systems. In addition, solvent vulnerability of PDMS channels poses severe barrier for extension of the method to fabricate other particles. The dimensions of particles synthesized from this method are in the micrometer scale, which is primarily restricted by the resolution of current photolithography techniques.
Challenges and future perspectives
In summary, novel materials synthesis, introduction of environmental-sensitive polymers, successful adoption of natural polymers as carrier and improved understanding of the structure-function relationship have together transformed DDS development. The parallel advancement in bottom-up and top-down nanofabrication enables precise control over size and shape of particulate DDS. Moreover, the use of microfluidics in formulating DDS opens up the possibility for automation and scaling up, as well as on-chip particle screening and analysis.
However, many challenges remain. From the materials perspective, the majority of smart delivery systems works well in vitro but fails in more complicated in vivo environment.
Furthermore, the challenge to integrate programmability, targetability, and environmental responsiveness remains formidable. From the fabrication perspective, conventional techniques have the advantage of easy scale-up, but lose accuracy in control over particle characteristics. Top-down approaches, in contrast, offer precise control over particle size and shape. However, up till now they are applicable to only a few systems, and with the exception of PRINT are difficult to scale up. Although microfluidics holds promise in addressing these issues, current lithographic techniques limit the manipulation of fluids in the micro-scale. In the context of nanomedicine "nanofluidics" would be desirable for DDS fabrication. When innovations in fabrication catch up with those of materials design, the goal for constructing and translating multifunctional, precisely controlled, and biocompatible DDS will be one step closer to reality. Timeline showing FDA approved DDS in the market. Conventional nanoparticle fabrication methods. a) Nanoprecipitation. Polymer dissolved in organic solvent is added to an aqueous solution in a dropwise manner under constant agitation. Nanoparticles containing drugs form instantaneously as the polymer diffuses to the aqueous phase. b) Layer-by-Layer assembly. Solid form of drugs are used as the core. A polymer layer is first adsorbed onto the drug colloidal template by incubating in polymer solution and transferred to the oppsitely charged polymer solution for additional layering. This process is repeated until nanoparticles of desired sizes are formed. c) Emulsion-based two step methods. Emulsified oil-in-water droplets containing polymer and drugs are formed in the first step. In the second step, different methods are applied to remove the solvent and precipitate nanoparticles. Top pannel: Solvent evapoaration method. Solvents are gradually evaporated under vacuum and high pressure. Middle panel: Solvent diffusion method. The solvent used to prepare emulsion drops is partially miscible with water. When the emulsion droplets are diluted with water containing stablizer, organic solvent rapidly diffuses out from the droplets, leading to condensation of the materials within and formation of polymer nanoparticles. Bottom pannel: Salting out. The solvent used to prepare polymer and drug solution is totally miscible with water. Emulsification is conducted with aqueous phase containing high concentration of salt. The saturated aqueous phase prevents solvent from mixing with water. The emulsified droplets are then diluted in water. A sudden drop of salt concentration in continous phase causes extraction of organic solvent and precipiation of polymer drug nanoparticles. Schematic illustration of the microfluidics preparation process of various drug carriers. (a) Nanocomplex. During hydrodynamic flow focusing, precursors self-assemble into nanoparticles when precursor-solvent solution is mixed with buffer, in which the precursor is poorly soluble. The process occurs in three stages involving nucleation of nanoparticles, growth through aggregation and stabilization. (b) Microparticle/microsphere. Disperse phase is broken up by the continuous phase to form droplets which in turn give rise to microparticles upon solidification. (c) Core-shell structure. Sequential encapsulation generates double emulsion after which the shell is solidified to produce a shell layer with a liquid core. (d) Janus particle. The disperse phase comprises two distinct inputs is broken up by the continuous phase to produce particle with two distinct phases. Potential platform for customized drug carrier synthesis and sorting. Mass production of microdroplets is achieved by incorporation of multiple droplet generators, with valves installed at the inlets of continuous and disperse phases to precisely control the size of particles. A continuous sorting component is included to sort particles according to their properties. Particle Replication In Non-wetting Template (PRINT). A non-wetting PFPE mold with cavities of predesigned patterns is pressed against a polymer solution deposited on another non-wetting surface. The liquid polymer solution is then solidified by applying pressure or temperature. The solidified particles could be recovered from the mold by using an adhesive film. Step-Flash Imprint Lithography (S-FIL). A quartz mold with cavities of predesigned shapes is pressed against a photo-crosslinkable monomer solution on top of a silica wafer. A PVA layer is put beneath the polymer solution for the release of imprinted particles. The monomers are cross linked by applying UV light. Residual layer from crosslinking reaction is removed by oxygen plasma etching and particles are freed by dissolving away the PVA layer. 
